This article provides a complex overview of the different stages of myogenesis with an emphasis on the molecular, genetic and cellular bases for skeletal muscle growth. Animals with higher number of medium-sized muscle fibres produce meat of higher quality and in higher quantity. The number of muscle fibres that are created in the body is largely decided during the process of myogenesis. This review describes the main stages of embryonic skeletal myogenesis and the myogenic factors that control myogenesis in epaxial and hypaxial somites, limbs, the head and neck as well as postnatal muscle fibre growth and regeneration. An understanding of the molecular and genetic factors influencing the prenatal and postnatal growth of skeletal muscle is essential for the development of the new strategies and practical approaches to meat production.
Introduction
Meat can be defined as all parts of the carcasses of animals in a fresh or conditioned state that are suitable for human consumption and evaluated as safe by veterinarians. The majority of meat worldwide comes from the striated skeletal muscle of carcasses of domestic livestock species. Meat comprises several types of tissue, including nervous, fat and connective tissue. Skeletal muscle tissue generally constitutes 50-70% of the carcass weight of food animals and, consequently, most of their https://doi.org/10.17221/7/2018-VETMED value. Muscle is a unique complex tissue in the body that assumes many differentiated forms in order to perform its various functions. Because muscle is transformed into meat postmortem, it is important to understand the mechanisms of myogenesis that regulate this tissue antemortem (Weaver 2012) . Meat production and quality is considered as an important issue for the meat industry in the 21 st century and consumers demand high-quality, tasty, safe and healthy meat. Therefore, understanding the mechanisms of skeletal muscle development could facilitate the identification of new growthrelated genes and markers and factors that affect meat production (Shahjahan 2015) .
Skeletal muscle tissue
From the functional and morphological point of view, we distinguish three types of muscle tissue in mammals: smooth, cardiac and skeletal. Smooth muscle tissue mostly forms the walls of hollow organs or blood vessels. Cardiac muscle, as is evident from its name, is the striated muscle of the heart wall. The active component of the musculoskeletal system consists of skeletal muscle tissue (striated), which is also extremely important from the point of view of human nutrition and meat processing. The main building block of skeletal muscle tissue is the muscle fibre, which is made up of long multinucleated syncytia formed during development by fusion of myoblasts. The surface of the fibres consists of the cytoplasmatic membrane (sarcolemma); myofibrils are located in the cytoplasm (sarcoplasm) of these fibres. Myofibrils are composed of individual myofilaments whose arrangement enables the striated nature of the muscle fibres which are constructed by molecules of actin, myosin, tropomyosin and troponin (Lullmann-Rauch 2012) .
Although muscle fibres have a number of common features enabling their general description, muscle is a heterogeneous complex of fibres whose microscopic, histochemical and physiological properties differ (Schiaffino and Reggiani 2011) . Determination of the characteristics of a skeletal muscle fibre type is performed on the basis of the activity of muscle enzymes, i.e. myosin ATPase, whose enzymatic activity is directly proportional to the speed of muscle contraction of the specific fibres, succinyl-dehydrogenase (SDH), an enzyme that is indicative of high levels of oxidative metabolism, and α-glycerol-phosphate dehydrogenase (αGPDH), whose expression determines whether the cell engages in glycolytic or anaerobic metabolism. Muscle fibres can also be distinguished by the proportions of different isoforms of contractile proteins, specifically myosin heavy chains (MyHC) (Hossner 2005) .
It is generally accepted that there are eleven major MyHC isoforms in mammalian skeletal muscles. In the myocardium there are two predominant MyHCs; atrial or alpha and ventricular or beta, which are also expressed in skeletal muscles. The beta isoform corresponds to the type 1 isoform which is typical for slow skeletal muscle fibres, while the alpha isoform is also expressed in some specialised muscles, such as jaw muscles. The type 2 or fast isoforms include three adult, fast MyHC isoforms known as 2A, 2X and 2B, which are widely present in torso and limb muscles (Mascarello et al. 2016 ). The main difference between the various types of muscle fibres lies in their oxidative/glycolytic metabolism: slow oxidative (type 1), fast oxidative glycolytic (type 2A and 2X) and fast glycolytic (type 2B) types, which are characterised by different mitochondrial contents (Murgia et al. 2015) . The critical factor determining the functional demands on skeletal muscles is the size of the organism. In small mammals (e.g. mice), the muscle tissue consists predominantly of 2X and 2B fibres with copious oxidative enzymes, while muscles from large mammals including humans show lower levels of oxidative enzymes and consist mainly of type 1 and 2A fibres (Schiaffino and Reggiani 2011) .
In animals, both the size and number of muscle fibres are important factors influencing the growth potential, meat productivity and meat quality after slaughter. Although the pig is far from being the biggest mammal its muscle fibres are the largest ). The muscle tissue of pigs contains fibres of different types, creating a typical pattern. Islands of slow fibres are surrounded by fast fibres of 2A and 2X types with fast 2B fibres on the edge (Lefaucheur et al. 2002) . A high ratio of 2B fibres in pig muscle tissue may decrease meat quality, as it correlates with the presence of the recessive allele of the halothane gene and with lower pH values of meat postmortem (Depreux et al. 2002) . Animals with higher numbers of mediumsized muscle fibres produce meat of higher quality and quantity than those with lower numbers of https://doi.org/10.17221/7/2018-VETMED such fibres. The number of fibres that are created is usually determined during myogenesis, leading to the conclusion that the number of muscle fibres is determined primarily by genetic and environmental factors that are able to influence prenatal myogenesis. Achieving an optimum balance in both the number and size of muscle fibres and eliminating fibres of abnormal structure are important steps in the production of large quantities of high-quality meat. Recognition of environmental and genetic influences on prenatal and postnatal skeletal muscle growth is a prerequisite for the development of strategies and practical approaches in livestock production, based on selection or environmental modulation of prenatal myogenesis and postnatal muscle growth ).
Myogenesis of skeletal muscle tissue
The myogenesis of skeletal muscle tissue consists of four phases: embryonic, foetal, neonatal and adult (Murphy and Kardon 2011) . Muscle tissue arises from the middle embryonic leaf, the mesoderm, which differentiates in the early embryonic period. The basis of most skeletal muscles in vertebrates is formed by somites arising from the paraxial mesoderm, which is located around the dorsal string (notochord) and the neural tube. During embryonic development, the somites differentiate into two sections, the dorsal dermomyotome, whose cells form the basis for the development of the dermis and muscle progenitor cells, and the ventral sclerotome, which is the basis of the axial skeleton and cartilage. Epaxial and hypaxial myotomes are formed from the edge of the dermomyotome. The epaxial myotome constitutes the basis for the development of deep back muscles; the hypaxial myotome is essential for the formation of limb muscles and abdominal muscles (Yokoyama and Asahara 2011; Eng et al. 2013) . During the development of skeletal muscle tissue, myoblasts are first differentiated from myotomes, which arrange themselves behind one another in columns. The cell membranes of the myoblasts disappear at the point of contact and multinucleated myotubes are formed. During the development and differentiation of the muscle, they extend so that they fuse with other myoblasts and with what are known as satellite cells. Myofibrils are gradually formed in the sarcoplasm of such cells. Cell nuclei migrate to the surface of the myotube, myofibrils migrate to its centre, and the myotubes thus complete their development into muscle fibres (Wallace et al. 2016) . Only muscle growth, fibre maturation and fibre regeneration take place in the postnatal phase of myogenesis (Hutcheson et al. 2009 ).
Two types of muscle fibres are formed during the course of myogenesis: primary and secondary. Cells of the myotome begin to fuse and create multinucleated muscle fibres, and this stage of embryonic myogenesis is necessary to create the basic muscle structure -primary muscle fibres (Messina and Cossu 2009) . The number of muscle fibres formed is, however, very small and the influence of this stage on the future size and number of muscle fibres is therefore relatively negligible (Du et al. 2010) . The critical phase for the development of the skeletal muscle tissue is the foetal stage, as most of the muscle fibres develop during this period. This second wave of myogenesis, which is also called secondary myogenesis, includes mutual fusion of foetal myoblasts or their fusion with primary muscle fibres and the creation of secondary fibres (Messina and Cossu 2009) . The number of muscle fibres formed is conditional on the number of available myogenic precursor cells whose proliferation in turn depends on the availability of nutrients. This phase of myogenesis is therefore strongly influenced by the nutrition of the mother, as is evidenced by numerous studies (Yan et al. 2012) . In the foetus of the pig, the formation of primary muscle fibres is completed between day 35 and day 65, and the formation of secondary fibres between day 54 and day 90 of pregnancy ). However, some additional studies have shown that porcine myogenesis is almost complete before 77 day of pregnancy and that the period between days 50 and 70 is a critical phase in foetal skeletal muscle development and in the formation of various muscle phenotypes (Zhao et al. 2015) . In cattle, primary fibres are formed approximately in the first 125 days and secondary fibres between day 100 and the ninth month of pregnancy. In sheep foetuses, primary muscle fibres are formed between day 32 and day 38 and secondary muscle fibres between day 30 and day 62 of pregnancy. Finally, in the chicken, primary muscle fibres are formed around day 6, and secondary muscle fibres between day 12 and day 16 of incubation ).
Molecular factors influencing myogenesis

Signalling pathways influencing myogenesis in epaxial and hypaxial somites
Sequence-specific transcription factors, which represent the main nodes of gene regulation networks, are involved in molecular specification, in the movement of cells and throughout the process of somitogenesis and myogenesis during the development of the muscle tissue of vertebrates. Signalling pathways defined by the expression of specific transcription factors are characterised by several peculiar features in epaxial and hypaxial somites, in the limbs, head, and neck and in the adult individual.
A key role in the induction of myogenesis is played by the proteins of the WNT signalling pathway from the dorsal part of the neural tube and Sonic hedgehog proteins (SHH) produced by the notochord and by the plate of the neural tube (Braun and Gautel 2011) . The members of the WNT protein family play a vital role in the formation of the dermomyotome and myotome (Geetha-Loganathan et al. 2008 ) and, together with SHH proteins, are involved in the specification of muscle progenitor cells in somites. The products of the SHH gene also play a key role in the maturation of cells of the dermomyotome and in further specification of the myotome cells (Bentzinger et al. 2012 ). An important role in the activation of the myogenesis process is also played by signalling molecules such as Noggin and bone morphogenetic proteins (BMP) through the activation and inactivation of the receptors of members of the transforming growth factor beta family (TGF-β) (Braun and Gautel 2011) . Ultimately, the signalling pathways that induce the differentiation of the cells, the formation of the muscle tissue and the regulation of the process of myogenesis activate what are known as myogenic regulatory factors (MRF). These MRFs include MYF5 (myogenic factor 5), myoblastic differentiation factor (MYOD, MYODI), herculin (MYF6, MRF4) and myogenin (MYOG) (Brameld et al. 2010) .
The PAX3 gene plays the main role in the initiation of MRF expression during the myogenesis of muscle tissue. This gene is first expressed in presomitic mesoderm immediately anterior to the first somite and then throughout the early epithelial somite. PAX3 is expressed by muscle progenitor cells throughout the epithelium of the dermomyotome and its function lies in the segmentation and formation of the edge of the dermomyotome and it is induced by the products of the SIX, EYA and DACH gene families. Upon formation of the epaxial muscle tissue, PAX3 initiates myogenic induction independently of other genes by activating the MYOD gene. On the other hand, in the hypaxial dermomyotome, PAX3 induces the expression of the MYF5 gene, which in turn activates the expression of the MYOD gene (Eng et al. 2013; Buckingham 2017) . In addition to PAX3, progenitor muscle cells also express the PAX7 gene in the central domain of the dermomyotome, from which progenitor cells of the myotome arise (Buckingham and Relaix 2007) . PAX genes then together control expression of MRFs such as MYF5 and MYOD, contribute to the proliferation and survival of myoblasts before their differentiation and control the survival and fate of myogenic progenitor cells during the myogenesis of vertebrates. Spontaneous mutation of the PAX3 gene in mice (such mutants are known as Splotch mice) is the cause of the non-formation of the hypaxial somite domain and consequently of the muscles of the limbs and some muscles of the body, while the muscles derived from the epaxial part are less affected. PAX7 is particularly important for muscle development in the postnatal period; further, the inactivation of the PAX3 gene together with PAX7 results in the inability of muscle progenitor cells to enter the process of myogenesis. These two factors are therefore critical for the formation of muscle tissue (Buckingham and Relaix 2015) . The SIX1 and SIX4 genes are expressed in overlapping domains of the dermomyotome and myotome and in the limb buds. In epaxial somites, SIX genes control and regulate the expression of the MRF4 gene, and their inactivation causes a delayed and lower level of expression of MYOD and MYOG genes in embryos, while the expression of the MYF5 gene remains unchanged (Bismuth and Relaix 2010) . In hypaxial somites, SIX control the expression of PAX3. The knockout of the SIX1 gene in mice results in a variety of organ defects and in the death of individuals immediately after birth. Moreover, the knockout of both genes in mice leads to a complete absence of abdominal and limb muscles with simultaneous defects in craniofacial and back muscles (Grifone et al. 2005) . In the same way, mutation of the EYA1 and EYA2 genes, which are expressed in the epaxial as https://doi.org/10.17221/7/2018-VETMED well as the hypaxial portion of the dermomyotome, causes the non-formation of the muscle tissue of the limbs. This phenotype is the result of loss of the interaction between SIX and EYA proteins which is essential for the expression of PAX3 in the dermomyotome (Grifone et al. 2007) .
Myogenesis is induced in epaxial somites by products of the WNT1 and WNT3A genes through activation of the myogenic factor MYF5. Products of the MYF5 gene in epaxial somites subsequently activate the expression of the MYOD and MYOG genes. The SHH gene also influences myogenesis in the same way, i.e. by activating MYF5 (Bentzinger et al. 2012 ). On the other hand, the expression of the WNT7A gene in the dorsal part of the neural tube directly enables the activation of the MYOD gene. Negative regulation of the expression of MYOD is maintained through the BMP4 gene, which inhibits Noggin. In hypaxial somites, the MYF5 gene, which triggers the expression of MYOD and MYOG, is activated by PAX3. The expression of MYF5 is also positively regulated by WNT7A and BMP (Mok and Sweetman 2011) . Numerous research studies show that epaxial progenitor cells are primarily dependent on the signals from the notochord and the plate of the neural tube, which express SHH and WNT1 gene products, activating myogenesis by means of the induction of MYF5. On the other hand, hypaxial progenitor cells require signals from the dorsal ectoderm which express WNT7A gene products, activating myogenesis directly through MYOD (Rossi and Messina 2014) .
Myogenic regulatory factors
Myogenic regulatory factors (MRFs) are important markers that specify the developmental lineage of the muscle fibre and ensure the activation of the differentiation programme. In the mouse embryo, the first MRF expressed is MYF5 which is, at first, expressed on the dorsal-medial edge of the dermomyotome (E8.0) transitioning into the epaxial myotome. This gene is also expressed in the hypaxial myotome. The expression of MYF5 is followed by that of MYOG (E8.5), MRF4 (E9.0) and, finally, MYOD (E10.5). Surprisingly, knockout of the MYOD, MYF5 or MRF4 genes does not cause any serious developmental defects in mice. Seemingly normal development of the muscle tissue takes place in such animals, although delayed myogenesis of the limb muscles is observed in MYOD mutants and the expression of MYF5 is enhanced and prolonged (MYF5 and MYOD genes are able to substitute for each other to some extent during myoblast differentiation). Actual knockout of the MYF5 gene causes delayed development of myotome cells, but skeletal muscle tissue does eventually develop properly. In these animals, however, there is no development of the distal portion of the ribs, and they are therefore unable to breathe (Francetic and Li 2011) . The function of MYOD and MYF5 can also be compensated for by MRF4, and in this way myogenesis can be independently initiated. However, complete failure of the formation of the skeletal muscle tissue occurs in mice with knockouts of MYOD, MYF5 and MRF4, since there is no development of myoblasts. Similarly, mice lacking functional MYOD and MRF4 gene experience severe muscle defects (a similar phenotype as in animals with mutation of MYOG) (Sweetman 2012) . In mice lacking a functional MYOG gene, individuals do form myoblasts, but such myoblasts are unable to fuse into myotubes and the mutation leads to their death; after birth, only a small number of muscle fibres are observed to have formed (Bentzinger et al. 2012 ).
Signalling pathways influencing the formation and development of the muscle tissue of the limbs
During the formation of the muscle tissue of the limbs, thousands of progenitor cells from the hypaxial dermomyotome delaminate and migrate to the limb buds, where they multiply and express specific myogenic determination factors. A number of regulatory factors are involved in the process of the formation and development of the muscle tissue of the limbs. PAX3 expression accompanies the migration of progenitor cells, which ensures the proliferating condition of migrating cells, maintains the active expression of the tyrosine kinase receptor c-Met and prevents the apoptosis of the cells of the hypaxial somite and MRF expression. As has already been mentioned, the presence of the products of the PAX3 gene is indispensable for the development of limbs (Splotch mice). HGF (hepatocyte growth factor), which is produced by the surrounding cells of the mesenchyme, is the ligand for c-Met, expressed in progenitor muscle https://doi.org/10.17221/7/2018-VETMED cells. HGF and c-Met together are crucial for the process of delamination and migration of progenitor cells. Their absence causes a similar phenotype as in Splotch mice -the muscle tissue of the limb is not created, as myogenic precursor cells do not migrate from the dermomyotome to their target sites (Bismuth and Relaix 2010) . Precursor cells also express -together with PAX3 -the transcription factor LBX1, whose inactivation causes the absence of the dorsal muscle of the forelimbs and all the muscles of the hind limbs, since this factor controls the finding of the correct path and the ingress of migrating cells into the limb bud (Dietrich et al. 1999 ).
In the presence of the transcription factors MEOX2 and PITX2, migrating cells form two sections of the tissue, dorsal and ventral, which -after reaching their target site -subsequently differentiate into the muscle tissue of the forelimb and hind limb and express muscle-specific genes. MYF5 is expressed first, followed several hours later by MYOD and MYOG, which together ensure generation of the ventral and dorsal muscles of the forelimbs and hind limbs (Bismuth and Relaix 2010 
Signalling pathways influencing the formation and development of the muscle tissue of the head and neck
Most of the muscle tissue of the head, known as the craniofacial muscle tissue, and which includes the muscles of the jaw, face and extraocular muscles, arises from the cranial paraxial mesoderm which does not, however, create segments, unlike the paraxial mesoderm of the trunk. The muscles of the tongue and larynx are derived from the cells of the occipital somites which migrate to their future targets. Not only are the genetic regulatory networks of the development of the muscles of the head and neck different from the networks that control the formation of the muscles of the body, but there are also differences between various groups of these muscles and even between various vertebrates (Sambasivan et al. 2011) . The absence of the products of the PAX3 and PAX7 genes is typical of the muscles of the jaw and the eye. Instead, transcription factors such as PITX2, TBX1, MYOR (musculin) and TCF21 (capsulin) are expressed (Mok and Sweetman 2011) . Transcription factor PITX2 plays a key role in the specification of the extraocular muscles by binding to the promoter of the MYF5 and MYOD genes, and mutant mice without the functional gene do not form this group of muscles (Zacharias et al. 2011 ). This gene is, however, also an important regulator for the development of muscles that are derived from the branchial arches, i.e. the chewing and mimic muscles, and the muscles of the pharynx and larynx (Shih et al. 2007 ). TheTBX1 gene is a key factor for these muscles, performing a role which is equivalent to that PAX3 in muscle progenitor cells and is responsible for initiating myogenesis of the muscles of the head and neck. Dysfunction of this gene causes defects in the craniofacial and cardiovascular structures, damage to the muscles of the head and neck and, ultimately, death of the individual at birth. Important roles in the specification of future masticatory muscles is also played by the MYOR and TCF21 genes. Upon inactivation of these genes, neither the expression of MRF nor the development of muscles occurs in the first branchial arch, as myogenic cells undergo apoptosis (Bismuth and Relaix 2010) .
The regulatory factor MYF5 is crucial for the cranial myogenesis of mice (Sambasivan et al. 2009 ), while MYOD is critical in zebrafish (Hinits et al. 2009 ). MYF5, MRF4 and MYOD act as determination factors of cell fate. In addition, MRF4 and MYOD also regulate the differentiation of cells; MYOG serves as a differentiation factor of muscle tissue. Knockout of the MYF5 and MYOD genes causes defects in the development of the muscle tissue of the head; development of the extraocular muscles does not take place upon knockout of the MYF5 and MRF4 genes (Sambasivan et al. 2011 ).
The postnatal period of development and regeneration of muscle tissue
The postnatal period is associated with an increase in the length and volume of muscle fibres. The capacity for postnatal muscle growth is determined by the number of muscle fibres that are created during prenatal myogenesis. The growth rate is limited by physiological and genetic factors. As a rule, the greater the number of muscle fibres, the https://doi.org/10.17221/7/2018-VETMED slower the postnatal speed of growth of the muscle fibres and the smaller the volume of fibres at the end of the intense period of growth and vice versa. This is due to the even distribution of energy from food which is shared among all fibres. However, this rule does not always apply in general, because some animals grow quickly even though they have a large number of muscle fibres ). Satellite cells participate in the postnatal growth of the muscle fibres; they are the source for the new nuclei that are incorporated into already formed muscle fibre. The connection of the cells occurs at the end of the muscle fibre and this leads to its elongation. This process is mainly dependent on factors such as innervation, contractile activity, growth factors, hormones and nutrition. The number of muscle fibres in mammals and birds remains mostly unchanged after birth (Rehfeldt et al. 2000) . During the early postnatal growth phase of the muscle tissue, its amount can double within a few days. In the mouse, pig or carp, the amount of muscle tissue doubles every 4-5 days in the first month after birth (Goldspink 2004) . Once the mature muscle reaches a certain size, its satellite cells become mitotically quiet (they remain in the G0 phase of the cell cycle).
The size of the muscle tissue and the body can, however, also be affected by other signalling pathways, such as the overexpression of insulin-like growth factors (IGF) or repression of myostatin (MSTN), a member of the TGF-β family known for the role it plays in the inhibition of myogenesis (Rossi and Messina 2014) . IGF factors play an important role in the development, differentiation and survival of the cells of the skeletal muscle tissue. They influence muscle precursor cells and are the only growth factors that are able to induce final differentiation of myoblasts and satellite cells. In the early stage of development, these growth factors stimulate proliferation. Continuous stimulation of cells leads to cell differentiation which is characterised by activation of the expression of MYOG, MYF5 and MYOD. Moreover, the effect of the IGF gene is dependent on the concentration of these genes. Low concentrations stimulate differentiation, while higher concentrations inhibit the differentiation of myoblasts. During the growth of a mature skeletal muscle, these factors enable the proliferation of satellite cells and the differentiation and fusion of myotubes. Application of IGF to experimental animals induces the growth of muscle mass. On the other hand, knockout of the IGF1 gene in mice causes a similar phenotype as the knockout of myogenin, which leads to the total failure of the development of skeletal muscle (Hossner 2005) . Myostatin is a known negative regulator of muscle growth (Rodriguez et al. 2014) and functions as a suppressor of the precursors of proliferation in muscle cells (MYOD and MYOG) during embryonic development, consequently leading to the formation of muscle fibres with decreased numbers of myoblasts (Lee 2004) . Knockout of the gene stimulates cell division in satellite cells, hypertrophy of skeletal muscle and up to a three-fold increase in muscle mass (McCroskery et al. 2003) . Mutations of the MSTN gene that result in muscle mass growth occur in many animals, including humans. TGF-β functions, similarly to FGF, as a significant inhibitor of muscle differentiation. It is produced by a number of cells including myoblasts and regenerating muscle tissue. This gene inhibits differentiation of foetal, but not embryonic myoblasts (Yanagisawa et al. 2001 ) and the expression of MYOD and MYOG in myogenic cells (Brennan et al. 1991) and prevents premature differentiation of migrating myoblasts, thus enabling proper development of the future muscle tissue in the developing limb of the embryo (Olson et al. 1986) .
During the regeneration of the muscle fibre, mitotically quiet satellite cells express the products of the PAX7 and c-Met genes, whose HGF ligand stimulates the activity of satellite cells. The satellite cells undergo subsequent proliferation, differentiation and fusion with existing muscle fibres or myoblasts. In the phase of proliferation, satellite cells re-enter the cell cycle and begin to multiply and express the PAX7 and MYOD genes. The expression of PAX7 is reduced before the start of differentiation, but this rule does not apply to all satellite cells as some cells still maintain a high level of expression of PAX7 while regulating the expression of gene MYOD, and return to their original quiescent state (Rossi and Messina 2014) . Mutation of the PAX7 gene in adult individuals is responsible for a significant reduction in the number of satellite cells or their apoptosis shortly after the birth of the individual (Bryson-Richardson and Currie 2008) . The MYF5 gene also plays an important role in the regeneration of the muscle tissue; the absence of its products causes an increased amount of hypertrophic fibres, a delay in differentiation and impaired muscle regeneration. MYOD is also equally important for the regeneration and differentiation of satellite cells, the growth of myoblasts and the growth of the individual (Yokoyama and Asahara 2011) . When regenerating muscle tissue, satellite cells migrate to the site of damage and initiate their differentiation. At this stage, MRF4 and MYOG are expressed together with transcription factors of the MEF2 family. The differentiation phase is followed by fusion into multinucleated myotubes and the completion of muscle fibre regeneration. In mice, the whole process of muscle regeneration after an acute injury takes approximately three to four weeks (Rossi and Messina 2014) .
A novel candidate gene for meat production traits in pig
Muscle fibres are composed of myocytes and adipocytes and their creation, development and differentiation are regarded as critical factors affecting meat quality (Mu 2012) . The process of myogenesis influences the number, size and structure of muscle fibres and, consequently, the postnatal growth of muscle mass. The genes involved in this process, the expression of which is different among various breeds of pig, are candidate genes for meat productivity. Pigs with excellent growth potential and very good meat proportion have been shown to possess a higher number of myofibres and an increased share of fast twitch glycolytic fibres in comparison to their wild ancestors or primitive breeds of pigs (Murani et al. 2007) .
Myogenesis in pigs is characterised by an increased formation of somites approximately between the 14 th and 22 nd days of gestation, followed by creation of primary myotubes between the 35 th and 60 th days. Secondary myotubes appears in the pig foetus around day 50 (45-54), and their number increases several times up to day 75. Subsequently, the number of muscle fibres increases only slightly and their production stops completely approximately between days 85 and 90. The whole process of maturation of the myotubes into myofibres is completed in the early postnatal period. In adult muscles, the ratio of primary to secondary myotubes is approx. 1 : 20 and both these populations influence considerably fibre number and muscle size in various breeds of pigs (Murani et al. 2007 ). Production of pigs with muscles of high quality is very important for the satisfaction of consumers and the competitiveness of the pork industry. The results of scientific studies show that different types of muscle fibres in different pig breeds affect the quality of pork. Therefore, it is very important to clarify the basic molecular mechanisms of muscle fibre formation (Sun et al. 2017) .
Research into genes expressed in the longissimus dorsi in the prenatal and postnatal period in different breeds of Lantang and Landrace pigs explains the mechanism of muscle development and provides valuable information for improving the quality of pig meat. The study of Zhao et al. (2011) showed that myogenesis in pigs is almost finished in foetuses of 77 days of age. In the Lantang breed, the process of myogenesis starts earlier but progresses more slowly than in the Landrace breed. The period between the 49 th and 77 th days post fertilisation is critical for formation of different muscle phenotypes. Genes belonging to the MRF and MEF2 families play an important role in the formation of different phenotypes among these breeds. The GSK3B, IKBKB, ACVR1, ITGA and STMN1 genes promote a later onset of myogenesis and a greater number of muscle fibres in the Landrace breed. The balance between intramuscular adipogenesis and myogenesis is controlled by the MYOD and MEF2A genes. The MYF5 and MEF2C genes play an indispensable role throughout the whole process of myogenensis, whereas the MEF2D gene is specifically involved in muscle growth and maturation. Liu et al. (2018) investigated the key phases of myogenesis during the five developmental stages (pig foetuses aged 40, 55, 63, 70 and 90 days) in Tongcheng and Yorkshire pigs using RNA-seq. Although the process of myogenesis has very similar features in all breeds of pigs, a total of 1677 genes showed significantly different expression in longissimus dorsi muscle among these breeds of pigs, especially in 55-day-old foetuses. On the other hand, at the foetal age of 70 days, the lowest number of differentially expressed genes was detected. These results suggest that the development of secondary muscle fibres causes dynamic changes in gene expression and is the cause of developmental differences between breeds of pigs. The PTEN, EP300, MYO9A, CDK14, IRS1 and PPP1CC genes together with some ribosomal proteins have been proposed as key candidate genes to elucidate the developmental differences between the analysed breeds.
The Akirin2 gene is considered as a potential functional candidate gene for meat quality. The results of https://doi.org/10.17221/7/2018-VETMED Chen et al. (2017) show that the Akirin2 gene stimulates proliferation and differentiation of porcine skeletal muscle satellite cells and further plays a key role in proliferation and differentiation of porcine skeletal muscle satellite cells through extracellularsignal regulated kinase-1/2 (ERK1/2) and NFATc1 signalling pathways. Reis et al. (2016) identified the LEF1 gene as a candidate gene whose differential expression determines differences in muscle mass between pig breeds. Higher gene expression in 21-and 40-day-old foetuses of the three-way Duroc, Landrace and Large-White cross in comparison with Piau pigs suggests that this gene influences the formation and proliferation of somites and myoblast fusion. The LEF1 gene is involved in the WNT signalling pathway, which plays a key role in the development of muscle fibres by controlling the expression of MRFs such as MYF5 and MYOD.
The Notch signalling pathway plays a key role in regulating the activation, proliferation and differentiation of porcine satellite cells. The mammalian genome harbours four Notch genes (Notch1-4) whose expression differs during prenatal and postnatal development of tissues. Unlike the Notch2 and Notch3 genes, the Notch1 gene has an indispensable function in regulating porcine satellite cells. Notch1 signalling controls the expression of the HES5 gene, which regulates the expression of the myogenic regulatory factors MYOD and MYOG. In addition, Notch1 also regulates the expression of the GSK3β-3 gene, which plays a key role in the Wnt signalling pathway (Qin et al. 2013 ).
Conclusions
The size and number of muscle fibres is an important factor that affects growth potential, animal meat performance and meat quality after slaughter. Achieving the optimum balance in the size and number of muscle fibres, including the elimination of fibres of abnormal structure, is a key step in the production of meat of high quality and quantity. This requires knowledge of factors affecting prenatal and postnatal growth of the skeletal muscle tissue. This knowledge serves as a basis for the development of strategies and practices in animal production using the principle of selecting or environmentally modulating prenatal myogenesis and postnatal muscle growth ). The number of muscle fibres created in the body is decided largely during the process of myogenesis. Extensive research in recent decades using model organisms of molecular biology, such as the mouse (Mus musculus), chicken (Gallus gallus) and zebrafish (Danio rerio), has led to the identification of a number of genes and regulatory pathways that are involved in the process of creation and development of the muscle tissue of vertebrates (Brameld et al. 2010) .
